The post-Caledonian tectonic history and landscape evolution of southwestern Norway are poorly understood, primarily owing to the lack of onshore post-Devonian sediments. To bridge this knowledge gap, low-temperature thermochronological techniques were applied to investigate vertical movements in the upper crust. New apatite fission track and apatite and zircon (U-Th)/He analyses on samples from southwestern Norway yielded Permian to Jurassic, Triassic to Cretaceous and Carboniferous to Triassic ages, respectively. Thermal history modelling indicates relatively high cooling rates (2-3 8C Ma 21 ) throughout Permian to early Jurassic times. Since the Jurassic, samples from coastal areas have remained close to the surface and were reheated to 30-50 8C during sedimentary burial in the Cretaceous. Inland samples experienced lesser amounts of Permo-Triassic exhumation, continued to cool slowly (,1 8C Ma 21 ) throughout the Jurassic-Cretaceous and did not reach the surface until the Cenozoic. Both fission track and (U-Th)/He ages are offset across faults, highlighting the importance of fault activity throughout the Mesozoic. In combination with previously published results, the new data suggest that the geomorphological evolution of southwestern Norway is closely connected to rift-and post-rift tectonics related to North Sea and North Atlantic rifting. The topographic relief was most likely repeatedly rejuvenated during periods of tectonic activity.
The last orogeny to affect southwestern Norway was the Caledonian orogeny during Silurian to earliest Devonian times. The Caledonian orogen was a major continent-continent collision zone and has been envisioned as an ancient analogue for the Himalayas (e.g. Streule et al. 2010; Andersen 2011; Gee et al. 2011) . Thus, peak elevations of several thousand metres (c. 8 km?) in the earliest Devonian can be assumed. Continental collision was rapidly followed by extensional collapse, first through ductile and later through brittle modes of deformation (e.g. Eide et al. 1997; Andersen et al. 1999; Fossen 2000 Fossen , 2010 . Since the early Devonian, southwestern Norway was predominantly affected by extension, resulting in rifting in the North Sea and culminating in the opening of the North Atlantic in the Palaeogene (e.g. Doré et al. 1999) . Thus the former orogen was transformed into today's inactive North Sea rift system and North Atlantic passive continental margin. However, the details of this transformation, the timing of tectonic events and the evolution of the landscape are still poorly constrained.
Today's landscape in southwestern Norway is characterized by high mountain peaks, vast highland plateaux and deeply incised fjords. In particular, the generally high elevation of the interior of southern Norway is still an enigma and has incited heated debates in the last few years (LidmarBergström & Bonow 2009; Nielsen et al. 2009a Nielsen et al. , b, 2010a Chalmers et al. 2010; Gabrielsen et al. 2010a, b) . Two end-member models suggest the elevated topography to be (a) a remnant of the Caledonian orogen (the ICE hypothesis; Nielsen et al. 2009b) or (b) the result of Cenozoic tectonic uplift (the peneplanation-uplift model; e.g. reviews by Lidmar-Bergström et al. 2000; Gabrielsen et al. 2010a) . The ICE hypothesis assumes that the Devonian orogenic collapse was incomplete, thus allowing for a remnant orogenic root to persist under southern Norway and to potentially support an elevated topography that was slowly eroded to today's level (Nielsen et al. 2009b) . The peneplanationuplift model, on the other hand, suggests complete orogenic collapse with peneplanation during the Mesozoic followed by renewed tectonic uplift in the Cenozoic (e.g. Lidmar-Bergström et al. 2000; Gabrielsen et al. 2010a) .
Alternatively, Osmundsen & Redfield (2011) recently observed that the escarpment height along passive continental margins is directly related to crustal thinning gradients established during rifting. They conclude that the rift geometry to a large extent pre-determines the topography of a passive margin, and that this effect lasts long after rifting has ceased. Is the high-elevation topography of southwestern Norway thus essentially Caledonian or is it young (Cenozoic) or created by loading effects on a strongly fractured crust during Permian and Mesozoic rifting?
In the absence of preserved post-Devonian sediments onshore southern Norway, the dating and quantification of periods of uplift relies strongly on indirect methods such as correlation with the offshore sedimentary record and interpretation of onshore erosional surfaces (e.g. Riis 1996; LidmarBergström et al. 2000) . Currently, the only methods to date vertical movements in the upper crust directly are low-temperature thermochronological methods such as fission track and (U-Th)/He analyses. In this contribution, we discuss the postCaledonian tectonic history of the area from a lowtemperature thermochronological perspective, with a focus on regional and temporal changes in cooling rates during the Mesozoic and Cenozoic as well as the effect of fault reactivation on the distribution of apatite fission track and (U -Th)/He ages.
Previous studies
The pioneers of fission track dating in southwestern Norway were Andriessen & Bos (1986) , who concentrated on a geographically small area between innermost Eidfjord and Hardangerjøkulen (Fig. 1) . Zircon fission track ages between 320 and 290 Ma and apatite fission track ages between 170 and 110 Ma indicate cooling through the effective closure temperatures of the zircon (c. 220 8C) and apatite (c. 110 8C) fission track systems in Carboniferous to early Permian and late Jurassic to early Cretaceous times, respectively. Based on the fission track data and previously published K/Ar and Rb/Sr biotite ages (Priem et al. 1976) , Andriessen & Bos (1986) concluded (a) that initial uplift following the Caledonian orogeny was fast, in the order of 100 m Ma 21 , but uplift slowed considerably around late Carboniferous to early Permian times to about 20 m Ma 21 and (b) that in total a crustal section of c. 13 km has been removed since the end of the Caledonian orogeny.
Nearly a decade later, Rohrman et al. (1995) presented the first regionally extensive fission track study with widely spaced samples covering all of southern Norway. Generally, the apatite fission track ages range from c. 250 to 100 Ma. Rohrman et al. (1995) described the distribution of fission track ages as a domal pattern with the oldest ages (.150 Ma) along the coast and at high elevations inland and young ages (,120 Ma) at low elevations inland. Based on thermal history modelling of fission track ages and track length distributions, they identified two periods of increased uplift in Triassic to Jurassic (,220 Ma) and late Palaeogene to Neogene (,30 Ma) times, respectively, separated by a period of little or no uplift during the Cretaceous to middle Palaeogene. Between 1.3 and 3.5 km of crustal material were removed during Triassic -Jurassic uplift and c. 1.5-2.5 km were eroded during the Cenozoic event. The increased erosion rates in the Triassic and Jurassic were attributed to rifting in the North Sea, causing rift flank uplift and base level lowering with associated rift flank erosion. A domal-style regional tectonic uplift is given as the cause of the increased erosion rates during the late Palaeogene and Neogene and the domal distribution of fission track ages. The cause of such a tectonic event remains uncertain.
While Rohrman et al. (1995) assumed that all of southern Norway has behaved as a single coherent block since the Caledonian orogeny with no significant post-Permian fault movements, later thermochronological studies came to different conclusions. Redfield et al. (2004 Redfield et al. ( , 2005 documented that fission track ages are offset across faults of the Møre -Trøndelag Fault Complex and faultbound blocks have distinctly different exhumation histories from their neighbours. Redfield et al. (2004 Redfield et al. ( , 2005 suggest that the distribution of fission track ages can be explained by a flexed lithosphere with an uplifted core inboard of a down-faulted retreating scarp rather than the domal uplift of Rohrman et al. (1995) . This idea later evolved into the crustal taper hypothesis (Osmundsen & Redfield 2011; Redfield & Osmundsen 2013) .
A recent regional study by Leighton (2007) covers the area south of the Sognefjorden, with additional samples from Jotunheimen. The sampling sites are mostly widely spaced with a number of detailed vertical and tunnel profiles. Apatite fission track ages range from 280 to 110 Ma. In accordance with Redfield et al. (2004 Redfield et al. ( , 2005 , Leighton (2007) found that the distribution of fission track ages is structurally controlled with large age differences across major fault systems and distinctly different exhumation histories between structurally separated crustal blocks. Similar observations from northern Norway (Hendriks 2003; Hendriks et al. 2010) show that large areas of Norway were subjected to fault reactivation during the Mesozoic.
Strong evidence for post-Caledonian faulting onshore southwestern Norway also comes from other geochronological methods. Permian and late Jurassic to early Cretaceous activity has been palaeomagnetically dated along faults related to the Nordfjord-Sogn Detachment Zone and the Laerdal -Gjende Fault Complex ( Fig. 1 ; Torsvik et al. 1992; Andersen et al. 1999) . These ages are supported by K/Ar dating of breccias within the Nordfjord -Sogn Detachment Zone (Eide et al. (Ksienzyk 2012; Ksienzyk et al. 2012) . Additionally, Jurassic sediments discovered during construction of a subsea tunnel west of Bergen are preserved in a fault zone and their internal layering is disrupted by faults, proving beyond doubt that some faults were active at least until the late Jurassic (Fossen et al. 1997) .
Samples and analytical methods
Sample locations are shown in Figure 2 and given in Table 1 . Approximately 4-6 kg of rock were crushed for each sample to grain sizes ,315 mm, and apatite and zircon were separated by standard mineral separation techniques, that is Wilfley table, Frantz magnetic separator and heavy liquids. The apatite separates were sieved and only apatites .100 mm were further prepared for analysis. Fission track analyses were performed at the Department of Earth Science, University of Bergen (Norway). Uranium contents were determined using the external detector method (Gleadow 1981) . To determine the apatite fission track ages, the zeta calibration approach was applied (Hurford & Green 1983) . Analytical details are included in the caption of Table 1. (U -Th)/He analyses were carried out at the Geoscience Centre, University of Göttingen (Germany). Single apatite and zircon crystals were handpicked from each sample using binocular and Table 2 . An alpha-ejection correction (F T correction) was applied to all raw (UTh)/He ages, following the procedures of Farley et al. (1996) and Hourigan et al. (2005) .
Thermal history modelling
Thermal history modelling was performed with HeFTy 1.8.0 (Ketcham 2005) . For modelling of the apatite age and track length data, the annealing model of Ketcham et al. (2007b) was chosen. Etch pit diameters (Dpar) were used as the kinetic parameter (Donelick et al. 2005) . Confined track lengths were corrected by c-axis projection (Ketcham et al. 2007a) . For modelling of (U-Th)/He data, the radiation damage accumulation and annealing model (RDAAM) of Flowers et al. (2009) was used. Weighted mean paths were used to compare time-temperature histories between samples. During modelling, the following external constraints were considered: Start: zircon fission track ages range from 320 to 230 Ma in the study area (Andriessen & Bos 1986; Leighton 2007; R. Kumar, pers. comm. 2010) . Assuming an effective closure temperature of the zircon fission track system at appropriate cooling rates (1-10 8C Ma 21 ) of c. 240 -200 8C (Bernet 2009 ), the starting constraint for all models was set to 320 -230 Ma and 240 -200 8C.
End: present-day monthly surface temperatures vary throughout the year from c. 0 to 15 8C in coastal areas and at low elevations along the large fjords, from c. 23 to 12 8C at intermediate elevations (around 500 m) inland and from c. 25 to 10 8C at high elevations (.1000 m) inland. These temperature ranges were used as the end constraint, depending on the sample location.
Jurassic exhumation and subsequent reburial: middle to late Jurassic sediments were discovered in a subsea tunnel close to Bjorøy, an island SW of Bergen (Fossen et al. 1997) . This indicates that the basement of this coastal area was already at (or at least near) the surface in the Jurassic and was subsequently buried under sediments during the Jurassic and the Cretaceous. The age of the Bjorøy Formation is given as Oxfordian, based on its dinocyst assemblage (Fossen et al. 1997) . Vitrinite reflectance values of 0.28 -0.29 Ro from coal fragments recovered from the Bjorøy Formation indicate maximum temperatures during reburial of no more than 50 8C. The sediments encountered in the tunnel are preserved within a fault zone. However, seismic data indicate that Jurassic sediments of 50 -60 m thickness may also occur above the tunnel in the Vatlestraumen area (Fossen et al. 1997) . No sediments are preserved onshore on either the Bjorøy or the mainland side, but are mapped as gently west-dipping strata on offshore seismic lines that project eastwards above Sotra and Øygarden (Fossen 1998) . It is uncertain exactly how much basement was eroded in addition to the sedimentary cover. Assuming a maximum postJurassic throw of 1 km along the faults downfaulting the Jurassic sediments in Vatlestraumen gives the following constraints for the modelling: (a) Jurassic surface exposure at 170-150 Ma and 0-40 8C (surface temperature + maximum 1 km eroded basement); (b) post-Jurassic reburial from 150 to 0 Ma and 0-80 8C (maximum temperatures of 50 8C + maximum 1 km eroded basement). The extent of a Jurassic sediment cover is unknown. Since the sediments encountered in the Bjorøy Tunnel were interpreted as a coastal facies (Fossen et al. 1997) , it can be assumed that they did not extent very far inland. However, rising sea-levels during the Cretaceous might have caused significantly larger parts of Norway to be covered with sediments.
Thermochronology

Apatite fission track ages
Fifty-nine apatite samples were analysed by the fission track method. The results are shown in Figures 2 and 3 and are presented in Table 1 . The obtained ages range from late Permian to late , but the majority of samples gave early to middle Jurassic ages (200 -160 Ma). However, two areas with predominantly older (Triassic) ages are located around northwestern Sotra, Turøy and Toftøy and in a roughly triangular area around Bjorøy and Raunefjorden, including the islands in the fjord and adjacent areas on Sotra and the mainland (Fig. 2) . The ages seem to decrease slightly with distance from the coast, although the scatter is considerable and the correlation hardly significant (Fig. 3a) . However, while Jurassic ages occur both inland and at the coast, Triassic ages seem to be mostly restricted to areas west of Bergen. No correlation between age and elevation could be observed and some of the oldest ages were found at sea-level (Fig. 3b) . Locally, large age differences (30-50 Ma) occur over short distances (0.5-4 km) between samples that were collected from the same elevation. Some of these age offsets Cf to increase number of confined tracks. ‡ Approximate locations (estimated from map); all other locations are GPS positions. Sample preparation: the apatites were embedded in epoxy, then ground and polished to approximately half the grain thickness to expose internal crystal surfaces. The apatites were etched in 5 m nitric acid for 20 s at 20 + 0.5 8C to reveal spontaneous fission tracks. Irradiation of the samples was carried out at the FRM II research reactor at the Technical University Munich (Germany), using a thermal neutron flux of 1 × 10 16 neutrons cm
22
. Dosimeter glasses IRMM-540R (15 ppm U) were used to monitor the neutron flux. Mica detectors were etched in 40% hydrofluoric acid at room temperature for 20 minutes to reveal the induced tracks. Analytical conditions: an Olympus BX51 optical microscope equipped with a computer-driven stage and the FT-Stage software (Dumitru 1993 ) was used for counting fission tracks at a magnification of 1250× and measuring etch pit diameters (Dpar; Donelick et al. 2005) and track lengths at a magnification of 2000×. Five Dpar measurements were carried out on each grain that was counted and three Dpar measurements for each measured track length. Only TinTs (track-in-track) were measured and their angle with the c-axis was recorded. Fission track ages were calculated with TrackKey (Dunkl 2002 ) using a zeta calibration factor of 233.56 + 3.27 (Ksienzyk). Analyses in italics are excluded from further consideration. *a, apatite; z, zircon. † Amount of He is given in nano-cubic-cm in standard temperature and pressure. ‡ Ejection correction (Ft): correction factor for alpha-ejection (according to Farley et al. 1996; Hourigan et al. 2005) . § Radiation density. Uncertainties: uncertainties of He and the radioactive element contents are given as 1s, in relative error-percent. Uncertainties of the radioactive element concentrations are c. 10% (owing to the high uncertainty in the crystal mass estimation). Uncertainty of the single grain age is given as 1s in Ma, and it includes both the analytical uncertainty and the estimated uncertainty of the Ft correction. Uncertainty of the sample average age is given as 1s in Ma. Analytical procedures: single apatite and zircon crystals were hand-picked, photographed and packed in platinum capsules. Crystal dimensions were obtained from the photographs. To determine the 4 He content, the platinum capsules with the enclosed crystals were degassed under high vacuum by heating with an infrared diode laser. After purification with an SAES Ti -Zr getter at 450 8C, the extracted gas was analysed with a Hiden triple-filter quadrupole mass spectrometer, equipped with a positive ion counting detector. To ascertain a quantitative helium extraction, re-extraction was performed for every sample. To analyse the 238 U,
232
Th and Sm contents, the platinum capsules were retrieved after He analysis, the apatites were dissolved in nitric acid and the zircons in hydrofluoric acid. The dissolved crystals were spiked with calibrated 230 Th and 233 U solutions and analysed by the isotope dilution method on a Perkin Elmer Elan DRC ICP-MS equipped with an APEX micro flow nebulizer.
occur across mapped faults (particularly strands of the Hjeltefjorden Fault Zone), while others do not appear to coincide with known structures. The etch pit diameter (Dpar) was measured as a proxy of mineral chemistry and thus the annealing kinetics of the dated apatites (e.g. Donelick et al. 2005) . The mean Dpars of the samples presented here have a rather narrow range from 1.09 to 1.61 mm, with the majority between 1.1 and 1.4 mm, indicating homogeneous compositions and relatively fluorine-rich mineral chemistries (Fig. 3c) . There is no significant correlation between fission track age and Dpar, indicating that differences in mineral chemistry and annealing behaviour cannot be the reason for the observed age differences between samples. Of the five samples with Dpars .1.4 mm, three gave older ages than the surrounding samples with smaller Dpars. The old ages of these three samples (BG-050, BG-052 and JN-21) might be partially explained by a different apatite chemistry. Four samples (JN-09, JN-10, LJ-14, and LJ-18) failed the x 2 -test, which means that the scatter in the single grain ages is larger in these samples than would be expected for a single-age population. For these four samples, the dependence of single grain ages on single grain Dpars was tested, but none of these samples showed any meaningful correlation. Thus even within individual samples, the age scatter cannot be explained by differences in grain chemistry.
The apatite fission track ages presented here show a weak inverse correlation with the mean Uconcentrations of the samples (Fig. 3d) . Weak to moderately strong inverse correlations between single grain age and single grain U-concentration can also be observed in some of the individual samples. Since, within a sample, the age and Uconcentration are not independent variables, both being calculated from the induced track density N i , some degree of inverse correlation can be inherent in the method (Galbraith 1997) . However, radiation-enhanced annealing (REA) has been proposed as an alternative explanation for inverse correlations between U-concentration and age in apatite fission track data (Hendriks & Redfield 2005 ). We do not suppose that REA had any significant influence on the ages presented here, but its potential impact is discussed below.
Apatite (U-Th)/He ages
Apatite (U -Th)/He analyses were carried out on 12 samples along an 85 km-long profile from Turøy into the Eksingedalen area ( Fig. 4 ; see Fig. 2 for sample locations). Five to nine apatite crystals were dated per sample and the results are presented in Figure 4 and Table 2 . Of altogether 77 single grain analyses, six yielded U or Th concentrations at or below the detection limit, resulting in large errors (1s errors .20%) and often erroneously old ages (≫400 Ma). Two apatites contained small inclusions (noted during grain selection) and gave significantly older ages than the other aliquots from the respective samples. These eight analyses were discarded and are not included in either figures or tables. Another three analyses are considered to be outliers when compared with the other ages from the respective samples and one apatite (U -Th)/He age was older than the zircon (U -Th)/He ages from the same sample. These analyses are included in Table 2 (italic lettering) and are shown in Figure 4 (open symbols), but they are not included in the calculation of average sample ages or considered during the discussion and interpretation of the data.
The remaining 65 single grain ages range from 276 to 86 Ma, although the majority of ages are early to middle Cretaceous (c. 140-90 Ma). Similar to the fission track ages, no correlation between age and elevation was found. The apatite (U -Th)/He ages decrease slightly towards the inland; however, this trend is offset in several places and locally reversed in the central part of the profile. Sample BG-157 from the top of Storfjelli mountain (1100 m), c. 6 km south of the profile, gave younger ages than the neighbouring samples. While the sample is shown in Figure 4 (in the box), it should be considered separate from the rest of the profile.
The dispersion of single grain ages within individual samples can be expressed by the standard deviations of the samples, which lie typically around 15% (1s). However, four samples show significantly greater variability in single grain ages, with the 1s standard deviation of the sample exceeding 20% (BG-001T: 22%, BG-113: 37%, BG-126: 31%, BG-132: 26%). Flowers & Kelley (2011) suggest rejecting samples where the standard deviation is greater than 20% (1s) unless the large dispersion can be explained by positive correlations of age with the effective U-concentration (eU) or grain size, or additional data regarding, for example, the U-distribution within individual apatites, are used to interpret the ages. Accordingly, each individual sample was evaluated as follows.
(a) Potential age v. eU and age v. grain size correlations were evaluated. (b) The best-fit-path from the time-temperature model based on only the fission track data from the same sample was used to calculate (U-Th)/He ages for each apatite. Both the modelled ages and the variability of modelled ages within the sample were compared with the measured ages. (c) Inhomogeneities in the U-distributions were qualitatively assessed on the fission track mounts. Three samples (BG-001T, BG-097 and BG-157) yielded overlapping measured and modelled ages with a similar dispersion of both measured and modelled ages. Samples BG-001T and BG-157 show positive correlations of age with both eU and grain size. Sample BG-097 gave a negative correlation of age with eU and no correlation between age and grain size. All three samples are characterized by mostly homogenous U-distributions. These three samples are considered the most robust fission track-(U-Th)/He data pairs. The fission track and (U-Th)/He data are modelled together and the derived time-temperature histories are taken to be the most reliable.
In another four samples (BG-080, BG-108, BG-113 and BG-125), the modelled and measured ages overlap partially, but only two of these (BG-080 and BG-125) show similar age dispersions in the modelled and measured ages. Both of these have positive correlations between age and eU, and sample BG-125 also has a positive correlation between age and grain size. In sample BG-080, age and grain size are uncorrelated. Sample BG-080 is characterized by a mostly homogeneous U-distribution, whereas in sample BG-125, apatites with inhomogeneous U-distributions dominate. By far the most common geometry is a U-rich core that is slightly larger than half the grain diameter, surrounded by a U-poor rim (Fig. 5) . Uconcentrations have been obtained for cores and rims of several apatites by the fission track method. While rims gave similar U-concentrations around 4 ppm, cores varied from 18 to 48 ppm. In samples BG-108 and BG-113, the dispersion of the measured ages exceeds that of the modelled ages. Sample BG-113 shows a positive correlation between age and eU and a negative correlation between age and grain size. Sample BG-108 gave a negative correlation between age and eU and a positive correlation between age and grain size. Both of these samples are characterized by relatively homogeneous U-distributions. For these four samples with partially overlapping measured and modelled ages, the fission track and (U -Th)/He data were also modelled together. However, weighted mean paths from the same models based solely on the fission track data are shown for comparison (Fig. 7) .
Five samples (BG-020, BG-084, BG-101, BG-126 and BG-132) yielded modelled ages that are significantly older than the measured ages. However, the dispersion of the modelled ages is similar to that of the measured ages with the exception of sample BG-132, where the dispersion of the measured ages significantly exceeds that of the modelled ages. Sample BG-132 shows a positive correlation between age and eU, while all other samples show no correlation between age and eU. Sample BG-126 gave a positive correlation between age and grain size. In the other four samples, age and grain size are uncorrelated (BG-084 and BG-132) or show weak negative correlations (BG-020 and BG-101). All these five samples are characterized by strongly non-homogeneous U-distributions. The effect of non-homogeneous U-distributions on (U -Th)/He ages has been discussed by several authors ( rims, although other geometries (patchy zoning, U-rich rims) do occur sporadically. Such U-depleted rims would generally cause ages to be too old, as observed in all five samples. However, the exact effect on individual (U -Th)/He ages is difficult to assess since no U-distributions were determined for the analysed grains. The (U-Th)/He data from these samples are therefore not used for time-temperature modelling; the models shown in Figures 6 and 7 are based solely on the fission track data from the respective samples. To differentiate the (U -Th)/He ages from these samples that are strongly affected by non-homogeneous Udistributions from the more reliable ages discussed above, they are shown in light blue in Figure 4 .
Zircon (U-Th)/He ages
Three samples were chosen for zircon (U-Th)/He dating, from the western end, middle and eastern end of the apatite (U -Th)/He profile (Fig. 4) . Between three and five zircon crystals were dated per sample. Out of 13 single grain analyses, one was excluded as an outlier. The remaining 12 ages range from 310 to 215 Ma (Fig. 4, Table 2 ). The spread of single grain ages within individual samples is smaller than for the apatite ages, ranging from 3 to 8% 1s sample standard deviations. Other than the apatite (U -Th)/He ages, the zircon ages are increasing with distance from the coast, from late Triassic ages on Sotra, to Permian to Carboniferous ages in Eksingedalen.
The effect of radiation damage
Radiation damage in apatites can potentially affect both the fission track and (U -Th)/He system, especially in old and U-rich samples. Often the (U -Th)/He ages are older than expected from the fission track data and vice versa (e.g. Hendriks & Redfield 2005; Söderlund et al. 2005; Hansen & Reiners 2006; Kohn et al. 2009 ). As described above, this effect occurs in five of our samples. The question is whether the fission track ages are 'too young' or the (U-Th)/ He ages 'too old'. Hendriks & Redfield (2005) suggested REA as a mechanism to produce 'too young' fission track ages in U-rich or very old samples. The same process produces an inverse correlation between U-concentration and age, since U-rich samples are more strongly affected. The concept of REA is highly controversial within the fission track community and has yet to receive further support Hendriks & Redfield 2006; Larson et al. 2006; Kohn et al. 2009 ). While we do observe an inverse correlation between U-content and fission track age in our data, we would like to point out again that these two variables are dependent, and an inverse correlation between them can be caused by this dependence as well as a so-called 'counting bias' (Galbraith 1997) . Apart from this, we consider it unlikely that REA has noticeably affected the apatite fission track ages for a number of reasons. First, the ages presented here are significantly younger than those from cratonic areas in Finland (Hendriks & Redfield 2005 ) and many samples have relatively low U-contents, thus the accumulated radiation damage should be less extensive. Second, within individual samples, inverse correlations between single grain age and single grain U-concentration were observed in samples with very low U-concentration and a narrow range of U-concentrations just as often as in samples with high and widely variable U-concentrations. This observation is difficult to reconcile with the concept of REA that predicts that U-rich samples should be most strongly affected by REA, thus showing the strongest correlations between U-concentration and age. Third, the sample Uconcentrations are uncorrelated with distance from the coast, thus the faint younging trend towards the inland cannot be explained by REA. Finally, while some of the large age differences over short distances that are described above coincide with differences in U-concentrations, many others do not. We conclude therefore that REA might have added to the overall scatter in ages, but the effects are limited, and REA cannot be used to explain the general age distribution.
While radiation damage might facilitate fission track annealing, it also provides traps for He, thus increasing the He-retentivity. This process has gained much wider acceptance and was included into recent annealing models (Shuster et al. 2006; Flowers et al. 2009 ). The effect of accumulated radiation damage acting on apatites with a range of different eU-concentrations and grain sizes can produce both widely dispersed (U -Th)/He ages and inversed fission track-(U -Th)/He data pairs, especially in high-eU and slowly cooled samples (Flowers & Kelley 2011) .
The effect of accumulated radiation damage has been taken into account by applying the RDAAM model (Flowers et al. 2009 ) to calculate (U -Th)/ He ages for each analysed grain based on timetemperature paths derived from the fission track data alone. For seven samples these modelled ages overlap completely, or at least partially, with the measured (U -Th)/He ages. It is therefore reasonable to assume that in these samples the effect of accumulated radiation damage in combination with differences in eU and grain size produced both the relatively old ages and large dispersion of single grain ages. We consider these ages to be geologically meaningful, representing slow cooling through the apatite He partial retention zone in late Jurassic to Cretaceous times. On the other hand, the ages from the five samples that yielded significantly older modelled than measured ages need to be regarded with caution. The effect of radiation damage accumulation cannot account for the too old (U -Th)/He ages in these samples. As discussed above, we consider non-homogenous Boxes are modelling constraints. Both samples can be forced to the surface in the Jurassic (dotted paths). However, if given more freedom (extended boxes, Jurassic + 30 8C), coastal samples still cool to near-surface temperatures in the Jurassic (dashed grey path), while inland samples remain at depth and return to monotonous cooling histories (dashed black path) similar to the unconstrained models (solid black path).
eU-distributions the most likely cause, but the effect of eU-zonation on individual ages cannot be controlled.
Interpretation
Fission track and (U -Th)/He ages date the cooling of samples through the partial annealing/retention zone of respective thermochronological system, that is, c. 210 -140 8C for the zircon (U-Th)/He system, c. 120 -60 8C for apatite fission track system and c. 70-40 8C for the apatite (U-Th)/He system. The fission track ages suggest that some crustal blocks west of Bergen reached shallow crustal depths already in the Triassic. However, the majority of samples indicates cooling through the partial annealing zone of the fission track system in the early to middle Jurassic (Fig. 2) , suggesting that the entire area was subjected to exhumation at that time. The fission track ages are thought to reflect relatively rapid uplift following PermoTriassic North Sea rifting, whereas the (U-Th)/ He ages mostly reflect much slower late JurassicCretaceous cooling. This is reflected in the much greater dispersion of the apatite (U -Th)/He ages compared with the fission track ages. While both fission track and apatite (U -Th)/He age become slightly younger towards the inland, the zircon (U -Th)/He ages increase away from the coast. Consequently, the age difference between apatite ages (fission track and (U -Th)/He) and zircon (U -Th)/He ages is relatively small at the coast and increases towards the inland. The tight cluster of Triassic to Jurassic ages from all three systems in the coastal samples again highlights the effect of rapid exhumation following PermoTriassic North Sea rifting. In the inland, the zircon (U -Th)/He ages are older because the area experienced less pronounced erosion during Mesozoic rifting.
Typically, a positive correlation between fission track ages and elevation is expected within a structurally undisturbed crustal block. The absence of any correlation in our data is an obvious indication that the distribution of fission track ages is strongly controlled by tectonic structures that segment the area. This is confirmed by the presence of large age differences over short distances that are locally correlated with known faults. Similar conclusions can be drawn from the apatite (U-Th)/ He ages. The offset across faults seems to be even more pronounced than in the fission track ages. However, this interpretation has to be taken with a grain of salt, since the (U -Th)/He ages are subject to the effects of grain size, eU-concentration and inhomogeneities in the eU-distribution and cannot always be compared directly. Nevertheless, both fission track and apatite (U -Th)/He ages are offset across the Hjeltefjorden Fault Zone (Fig. 2) , indicating that this fault zone must have been active during Mesozoic times when differential uplift of the blocks on either side of the fault occurred. The NNW-SSE-striking Hjeltefjorden Fault Zone is part of an extensive array of similarly striking faults in the Sotra area that formed during east -west extension prior to or during Permian dyke intrusion at c. 260 Ma (Larsen et al. 2003) . The Jurassic sediments preserved in a branch of the Hjeltefjorden Fault Zone cutting the Bjorøy Tunnel show that movement along the Hjeltefjorden Fault Zone occurred periodically at least until late Jurassic times (Fossen et al. 1997) . This interpretation is now supported by thermochronological data presented here and is further in agreement with new K/Ar illite data of fault gouges from southwestern Norway, which indicate periods of fault activity in late Triassic to early Jurassic and Cretaceous to early Palaeogene times (Ksienzyk 2012; Ksienzyk et al. 2012) . Along the Hjeltefjorden Fault Zone and parallel faults, older ages are exposed to the east of the faults, indicating downto-the-east movement. This is in accordance with geological field evidence, which is also indicating down-to-the-east displacement (Fossen 1998) . The Hjeltefjorden Fault Zone is thus a long-standing structural discontinuity that was repeatedly reactivated with a down-to-the-east sense of movement from Permian to at least Cretaceous times. Additionally, significant offsets in the apatite (U -Th)/ He ages were observed across Herdlefjorden and across an unnamed fault in Eksingedalen (most likely one running through Steinslandsvatnet further north, here referred to as the Steinslandsvatnet Fault). Along both of these faults, older ages are exposed to the west of the fault, indicating downto-the-west movement.
Thermal history modelling
Fission track lengths were measured in 16 samples, including the 12 samples selected for (U -Th)/He analysis. Inverse time-temperature modelling, based only on the fission track length distributions, was performed for all these samples with only start and end constraints. The resulting models show generally similar cooling patterns, with higher cooling rates (2-3 8C Ma 21 ) in the Permian to Triassic and much slower cooling rates (,1 8C Ma 21 ) since the Jurassic (Fig. 6a) . The slowing of cooling occurs for most samples in the early Jurassic and at temperatures between 60 and 70 8C. A comparison of temperatures during middle Jurassic times shows generally higher temperatures for inland samples, indicating that these experienced more post-Jurassic erosion than coastal samples. Accordingly, the inland samples also cooled through the partial annealing zone later than the coastal samples. Many of the samples show a second episode of faster cooling in the Cenozoic (1-2 8C Ma 21 ), although the onset of this is generally poorly constrained.
A second suite of models includes constraints forcing the samples to the surface in the Jurassic and allowing for subsequent reburial (Figs 6b  & 7) . Coastal samples again show relatively rapid cooling until the Jurassic, which is now followed by mild reburial and renewed cooling to surface temperatures. Most samples show reheating during sedimentary burial to temperatures around 30-50 8C, which is in accordance with the vitrinite reflectance data from the Bjorøy Formation (Fossen et al. 1997) . The time when the samples reach their maximum temperature varies from midCretaceous to late Palaeogene, but falls into the late Cretaceous for most samples, thus coinciding with the period of the highest sea-levels. Generally, the westernmost samples from Sotra show the highest post-Jurassic temperatures (on average 44 8C) and thus deepest burial. Maximum burial temperatures decrease towards the inland to 32-39 8C on Askøy and ,30 8C for sample BG-080 from Holsnøy. It can therefore be speculated that the sediment cover significantly thinned away from the coast and did not exceed a few hundred metres of thickness in the Holsnøy/Lindås area. For samples further east, the maximum temperatures increase again to around 50 8C. We consider it unlikely that the sediment thickness increased towards the Fig. 7 . Time-temperature models based on fission track and (U-Th)/He data. For each sample, the best possible model is shown. When (U-Th)/He data are included, this is specified under the sample name (FT, fission track; He, (U-Th)/He). In parentheses the (U-Th)/He data that were used for the modelling are specified: mean, sample mean values; a#, aliquot numbers referring to Table 2. For each model, 100 000 random paths were generated. The number of good (blue) and acceptable (green) paths is given. Solid black paths denote the weighted mean paths for the models shown; dashed black paths, weighted mean paths from alternative models based only on the fission track data from the respective sample; dotted black paths, weighted mean paths from other alternative models. The following alternative models are shown: BG-113 model is based on FT + He (a1, a6) and yielded no good paths but 382 acceptable paths; BG-125 model is based on FT + He (mean) but with a homogeneous U-distribution and yielded no good paths and only 20 acceptable paths; BG-157 model is based on FT + He (a2, a5) and yielded no good paths but 129 acceptable paths. Geological constraints imposed on the models are represented by boxes outlined in black. The three samples with the most robust fission track-(U-Th)/He data pairs are highlighted with red sample numbers.
inland. While these models are numerically possible, we consider them to be geologically unreasonable. Hence models not forcing the samples to the surface in the Jurassic are preferred for samples east of sample BG-080. This interpretation is also supported by modelling runs using the Jurassic constraints but extending them to higher temperatures by 30 8C (Fig. 6b) . These settings allow the samples to either reach the surface in the Jurassic or remain buried. While coastal samples tend to cool to the surface in the Jurassic, followed by reburial, inland samples return to the simpler, monotonous cooling histories of the unconstrained models when given the chance (Fig. 6b) . The break between 'coastal' and 'inland' samples between samples BG-080 and BG-126 coincides approximately with a change in topography: east of sample BG-080, the topography becomes significantly rougher with peaks around and above 1000 m.
As discussed above, apatite (U -Th)/He data were modelled together with the fission track data for seven of the samples. For five of these samples with positive correlations between age and eU, two single apatites from the upper and lower end of the eU-spectrum were modelled together, in order to obtain the best constrained time-temperature solutions. This yielded numerous good and acceptable paths for samples BG-001T and BG-080 and these models are shown in Figure 7 . For the other samples no good paths, and in some cases not even acceptable paths, were found. For those samples as well as the two samples showing no or negative correlations of age with eU, the mean sample (U -Th)/He age, grain size and U-, Th-and Smconcentrations were used for the modelling. However, weighted mean paths from the models based on single-grain apatite data are shown for comparison if they yielded acceptable paths (BG-113 and BG-157, Fig. 7 ). For sample BG-125, a zoning profile was generated to compensate for the inhomogeneous U-distribution in the sample. A core with 30 ppm U and 14 ppm Th comprising 60% of the grain radius and surrounded by a rim with 4 ppm U and 1.4 ppm Th satisfies both the total Uand Th-compositions of the sample and the zoning geometries observed on the fission track mount (Fig. 5) . For comparison, the weighted mean path for the same model but with a homogeneous U-distribution is shown in Figure 7 .
While the addition of the (U -Th)/He data helps to constrain the models better, especially in the low-temperature part, the general cooling histories remain the same. Figure 7 presents well the different cooling patterns for coastal and inland samples: coastal samples experienced large amounts of rapid uplift from Permian to early Jurassic times, followed by prolonged residence near the surface, including shallow reburial. The inland samples are characterized by initially slower uplift that persisted throughout the Mesozoic and Cenozoic. They did not reach the surface until Cenozoic times and experienced significantly more postJurassic exhumation than the coastal samples.
Summary
The fission track and (U-Th)/He ages presented here reflect predominantly the effect of Permian to Jurassic North Sea rifting. Changes in exhumation rates both geographically (coast v. inland) and temporally (e.g. pre-v. post-Jurassic for coastal samples) are well documented. Despite a relatively large scatter in ages and the considerable uncertainties associated with both methods, large age offsets over relatively short distances and at the same elevation are prominent in both fission track and (U-Th)/He data. Several of these offsets coincide with known faults. This highlights the importance of active fault tectonics in southwestern Norway throughout the entire Mesozoic.
Post-Caledonian evolution of SW Norway
The transformation of the Caledonian orogen into today's elevated passive margin is a long and complicated history of which many chapters remain poorly understood. Starting with a major continent-continent collisional orogen, it incorporates multiple periods of rifting that eventually failed in the North Sea but successfully led to the opening of the North Atlantic. Today's landscape is a product of this history, but how it formed is still highly controversial. In the following sections, we review available thermal constraints, summarize evidence of brittle deformation and try to place the thermochronological data presented here into the bigger context of southwestern Norway's tectonomorphological evolution.
Thermal constraints
The earliest records from thermochronological systems come from 40 Ar/
39
Ar and K/Ar analyses of hornblende, muscovite and biotite. These minerals record cooling through c. 500 8C, c. 425 8C and c. 300 8C respectively (McDougall & Harrison 1999; Harrison et al. 2009 ). Hornblende ages in southwestern Norway range from c. 420 to 395 Ma (Chauvet & Dallmeyer 1992; Boundy et al. 1996; Eide et al. 1999; Young et al. 2011) . The majority of muscovite and biotite ages range from c. 420 to 385 Ma (Bryhni et al. 1971; Chauvet & Dallmeyer 1992; Berry et al. 1995; Fossen & Dallmeyer 1998; Eide et al. 1999; Walsh et al. 2007; Young et al. 2011) . While the older ages (.405 Ma) are attributed to Caledonian thrusting , the younger ages record post-Caledonian extension or cooling. The proximity of all three thermochronometers highlights the rapid cooling through 500-300 8C in the early to middle Devonian. This is further documented in cooling paths modelled from 40 Ar/
Ar K-feldspar data , which indicate rapid cooling in the early to middle Devonian to temperatures just below 300 8C, followed by a period of stability or slow cooling in the middle Devonian and Carboniferous. give cooling rates of c. 2.4-4.4 8C Ma 21 for the Permo-Triassic cooling event. These rates are only slightly higher than the 2-3 8C Ma 21 estimated Permo-Triassic cooling rates from the fission track and (U -Th)/ He data presented here.
The Jurassic and Cretaceous brought a change in cooling rates and coastal and inland areas followed significantly different cooling paths: inland areas continued to cool slowly but steadily (,1 8C Ma 21 ) until cooling rates picked up again in the Cenozoic. Coastal samples, on the other hand, were at or near the surface in the Jurassic and experienced mild reheating to temperatures of c. 30 -50 8C owing to sedimentary burial. This corresponds to c. 1-2 km of sediment cover and similar values were also obtained from vitrinite reflectance data from the Bjorøy Formation (Fossen et al. 1997) . The landward extent of the sedimentary cover is uncertain, but if it extended further east than the Holsnøy/Lindås area, the thermochronological data presented here suggest that it was most likely thin. Most samples reached maximum burial depths in the late Cretaceous followed by erosion of the sedimentary cover in the Cenozoic.
Brittle deformation
Faults formed and were active as soon as the region had cooled enough to allow for the onset of brittle deformation. The earliest brittle fault was dated on Sotra at 396 Ma by U/Pb analysis of titanite grown in a fault-related fracture (Larsen et al. 2003) . Faults stayed active or were periodically reactivated throughout the Permo-Carboniferous and Mesozoic. Permian and late Jurassic to early Cretaceous faulting have been dated palaeomagnetically in fault rocks belonging to the Laerdal -Gjende Fault System and the Nordfjord-Sogn Detachment Zone and by 40 Ar/
39
Ar dating of breccias in the latter (Torsvik et al. 1992; Eide et al. 1997; Andersen et al. 1999) . K/Ar dating of illite from fault gouges in the present study area indicates periods of fault activity in the early Carboniferous, Permian, late Triassic to early Jurassic and Cretaceous to early Palaeogene (Ksienzyk 2012; Ksienzyk et al. 2012) . The preservation of Jurassic sediments in a fault zone in the Bjorøy tunnel confirms fault activity in or after the late Jurassic (Fossen et al. 1997) . The fission track and (U-Th)/He ages presented here and in previously published studies (Redfield et al. 2004 Leighton 2007 ) also indicate fault movements throughout the entire Mesozoic and most likely well into the Cenozoic.
The tectonomorphological evolution of a 'not so passive' margin
The geomorphological evolution, particularly the topographic relief, is probably the most elusive component in the post-Caledonian history of southwestern Norway. A few relatively well-studied key events stand out in the development of the Norwegian continental margin: the Silurian to earliest Devonian Caledonian orogeny (e.g. Gee et al. 2008) , Permo-Triassic and Jurassic rifting in the North Sea (e.g. Faerseth 1996) and finally continental break-up and the opening of the North Atlantic in the early Palaeogene (e.g. Doré et al. 1999) . The vast time between these events, however, is still obscured by knowledge gaps and controversy over existing data. Together with published ages, the thermochronological data presented here can help to distinguish between existing models.
At the end of the Caledonian orogeny, southwestern Norway was part of an extensive mountain range of possibly up to 8 km height (Gee et al. 2008 (Gee et al. , 2011 Streule et al. 2010) . Immediately following the continent-continent collision, this mountain range quickly disintegrated by rapid orogenic collapse in the early Devonian (e.g. Fossen 2010 ). Ultra-high-pressure eclogites in the Western Gneiss Region bear witness to enormous amounts of tectonic exhumation during these early stages of extension (Hacker et al. 2010) . Crustal-scale extensional structures, such as the Nordfjord-Sogn Detachment Zone, controlled the exhumation of these deep crustal rocks in their footwall, while intermontane basins filled with mostly coarse clastic sediments formed in their hanging walls (Seranne & Seguret 1987) . To what extent the Caledonian mountains were removed during these early stages of collapse is contentious. Cooling rates dropped during the Carboniferous ), but faults were still active . In the absence of any major postCaledonian crust-thickening events, and assuming the crust was thinned during Permo-Triassic rifting, we can speculate that the crust during the (pre-rift) Carboniferous period was thicker than it is today and might well have supported an elevated topography.
The onset of rifting in the North Sea and North Atlantic in the Permian marks a new stage in the evolution of the Norwegian continental margin. Magmatism and rifting in the Oslo Rift occurred in the uppermost Carboniferous and Permian (e.g. Neumann et al. 1992 Neumann et al. , 2004 Larsen et al. 2008) . While not as well documented, it is reasonable to believe that rifting in the northern North Sea was also initiated in the Permian (Gabrielsen et al. 1990; Faerseth 1996; Ksienzyk 2012) . The PermoTriassic rifting event in the North Sea was widespread and centred on the Horda Platform just offshore southwestern Norway (Faerseth et al. 1995; Faerseth 1996) . Its effect on onshore areas was therefore considerable. Increased Permo-Triassic cooling rates obtained both from modelling of Ar/Ar K-feldspar data and the fission track and (U-Th)/He data presented here and in previous studies (Rohrman et al. 1995; Redfield et al. 2004 Redfield et al. , 2005 Hendriks et al. 2007; Leighton 2007 ) document onshore rift flank uplift and erosion. Coastal areas of southwestern Norway were intruded by Permian dykes (Faerseth et al. 1976; Løvlie & Mitchell 1982; Torsvik et al. 1997; Fossen & Dunlap 1999 ) and fault activity was widespread (Torsvik et al. 1992; Eide et al. 1997; Andersen et al. 1999; Larsen et al. 2003; Ksienzyk 2012; Ksienzyk et al. 2012) . While the Permo-Triassic thinning of the crust in onshore southwestern Norway was much less than that of the offshore Horda Platform, some thinning must have occurred owing to both extensional deformation and increased erosion of the uplifted rift flanks. There is no doubt that during the Triassic, and probably also the Jurassic, the topographic relief in southwestern Norway was still relatively high. Thick deposits of Triassic and Jurassic clastic sediments off the coast of southwestern Norway were derived from the Norwegian mainland (e.g. Evans et al. 2003 ; and references therein) and some relief in the source area is needed to provide that much clastic material. Paul et al. (2008 Paul et al. ( , 2009 used K/Ar dating of detrital micas to show that Caledonian-aged detritus derived from southern Norway was transported far and wide across the European continent during late Triassic times and concluded that southern Norway must have experienced considerable amounts of uplift at this time. Sømme et al. (2013) used the volume of pointsourced depocentres along the Norwegian margin, to make predictions about the hinterland topography and suggested a maximum relief of 1.6 km for the late Jurassic. Thermal modelling shows that the rocks exposed in the coastal areas of southwestern Norway have resided close to the surface since the middle Jurassic. With onshore uplift and offshore deposition and subsidence, these coastal areas must have acted as a relatively stable hinge zone. The differential movement between offshore and onshore areas is at least partially compensated by down-to-the-west faulting, as suggested by the (U-Th)/He data.
The Cretaceous is often envisioned as a period of subdued topography with only several hundred metres maximum relief (Gabrielsen et al. 2010a; Sømme et al. 2013) or even as a time of complete peneplanation and possibly even sedimentary burial in southern Norway (e.g. Lidmar-Bergström et al. 2000) . While thermochronological data do not provide direct information on topographic relief, the data presented here place some constraints on these models: (a) the thermal history solutions for the inland samples do not favour a sedimentary cover; and (b) the slow but steady Jurassic to Palaeogene cooling requires actual exhumation rather than the surface uplift that would be required to move a peneplain formed at sea-level to elevations .1000 m. Furthermore, post-Jurassic fault activity is well documented by the data presented here and in previously published studies Fossen et al. 1997; Ksienzyk 2012) . These observations seem to be inconsistent with complete peneplanation and tectonic quiescence during the Cretaceous.
Altogether, the post-Caledonian evolution of southwestern Norway is strongly linked to the development of the North Sea rift basin. Fast PermoTriassic cooling, which is particularly pronounced in the coastal samples, as well as Permo-Triassic fault activity can be directly related to rift flank uplift and erosion. The late Jurassic rift event in the North Sea was focused farther west in the Viking Graben (Faerseth et al. 1995; Faerseth 1996) and affected southwestern Norway to a lesser degree. This is reflected in significantly slower cooling rates at this time. When rifting in the North Sea ceased at the dawn of the Cretaceous (e.g. Doré et al. 1999) , uplift of inland areas continued only slowly. However, faults were still active during the Cretaceous and most likely well into the Cenozoic, controlling slow differential uplift of faultbound crustal blocks. Tectonic activity thus far outlived active rifting, and the question arises what mechanism was driving these fault movements. Redfield & Osmundsen (2013) attributed them to isostatically driven vertical adjustments in response to severe crustal thinning during a post-extensional accommodation phase.
To return to the different models of landscape evolution, the slow but persistent uplift documented by the inland samples seems to favour the ICE hypothesis (Nielsen et al. 2009b) . However, it has to be pointed out that these samples were collected in valleys (with the exception of sample BG-157) at least several hundred metres below any suggested peneplanation surface and are therefore not ideally suited to solving this problem. Johannessen (2012) revisited the much studied Eidfjord area with new apatite fission track and (U -Th)/He dating, including much steeper vertical profiles, and came to the conclusion that Hardangervidda is not an old erosion surface. Samples residing at the surface today were most likely not exhumed until the Cenozoic. Similar conclusions were reached by Steer et al. (2012) , who predicted that high-elevation, low-relief surfaces like Hardangervidda experienced considerable erosion even throughout Pliocene and Quaternary times.
Most importantly though, any model that claims to offer a valid tectonomorphological history of southwestern Norway needs to include active fault tectonics. Both the ICE hypothesis (Nielsen et al. 2009b ) and the various peneplanation-uplift models have so far failed to take this properly into account. The close links between onshore thermal histories, fault activity and offshore tectonics provide support for Osmundsen & Redfield's (2011) and Redfield & Osmundsen's (2013) crustal taper hypothesis, linking Norway's topography to riftand post-rift tectonics. Active faulting certainly provides a mechanism to modify the landscape and increase the topographic relief. We suggest therefore that there is no need to decide between either a long-standing high mountain range or total peneplanation. The evolution of the landscape and topographic relief of southwestern Norway was probably much more dynamic and closely connected to fault tectonics. The topography was repeatedly rejuvenated during periods of fault activity and subsequent footwall uplift, only to be worn down again by erosional processes.
regional and temporal changes in cooling rates. Rapid cooling in the Permian to early Jurassic (c. 2-3 8C Ma 21 ) is most pronounced in coastal samples and is closely related to rift tectonics in the North Sea and subsequent rift flank uplift and erosion. Coastal samples resided close to the surface since the Jurassic and experienced mild sedimentary reburial and heating to temperatures of 30 -50 8C during the Cretaceous to earliest Palaeogene. Inland samples, on the other hand, were less affected by Permo-Triassic rifting. They continued to cool slowly (,1 8C Ma 21 ) throughout the Jurassic and Cretaceous and did not reach the surface until the Cenozoic.
The distribution of both fission track and (UTh)/He ages is tectonically controlled, highlighting the importance of fault reactivation throughout the entire Mesozoic. Active fault tectonics, together with the continuous exhumation documented by thermochronological data from inland samples, suggests that the tectonomorphological evolution of southwestern Norway was more dynamic than predicted by previous models and is strongly linked to rift-and post-rift tectonics. Episodes of fault activity and subsequent footwall uplift, increasing topographic relief, were interspersed with periods dominated by erosion leading to a more subdued relief. The elevated topography observed in southwestern Norway today is a product of this complex history.
